Introduction
Coupling between the troposphere and the stratosphere by dynamical, chemical, and radiative processes is an important aspect of climate variability and global change. Of particular importance is the exchange of water, ozone, and other trace constituents between the troposphere and stratosphere (in both directions), i.e., transport across the tropopause. The tropopause marks the transition between the troposphere and the stratosphere; its most fundamental characteristic is a change in static stability (temperature lapse rate) between the troposphere (low static stability and associated fast vertical mixing time scales) and the stratosphere (high stability, slow vertical transport) [see Holton et al., 1995] . This strong change in static stability is associated (outside of the tropics) with a sharp gradient in potential vorticity (PV), so that the extratropical tropopause is sometimes defined in terms of PV; the tropopause is also associated with sharp vertical gradients in constituents such as ozone, water vapor, and reactive nitrogen.
The tropical tropopause is of special importance for understanding transport of water vapor into the stratosphere. Air enters the stratosphere primarily in the tropics, where the cold Behavior of the global tropopause is also an aspect of the atmospheric general circulation that is not completely understood [e.g., Thuburn and Craig, 1997]. Outstanding problems include mechanisms which control the extratropical tropopause and the influence of extratropics on the tropical tropopause [Thuburn and Craig, 2000] . Also, global climate models often exhibit a persistent cold bias near the tropical tropopause [Hamilton et al., 1995; Hack et al., 1998 ]. Documentation of the climatology and variability of the tropopause from observed data is useful for characterizing and understanding such model biases. Furthermore, the tropical tropopause temperature also represents a basic potential indicator of global climate change, so that analysis of historical data contributes to quantifying such variability.
Much information on the behavior of the tropical tropopause has been derived from radiosonde data [Reid and Gage, 1981, stratospheric quasi-biennial oscillation (QBO), and E1 NinoSouthern Oscillation (ENSO) episodes are evident and show good agreement between the NCEP and radiosonde data. However, for very low frequency tropical mean variations there can be differences of-_+1 K between the radiosonde and NCEP reanalysis estimates. Because these differences are comparable in magnitude to the signal in question, they limit confidence in estimates of decadal-scale trends. We also briefly examine coherence between the tropical tropopause and extratropical circulation and find significant interannual correlations with the stratospheric polar vortex in both hemispheres. These global correlations suggest that tropical tropopause variability is significantly influenced by the mean stratospheric BrewerDobson circulation.
Data and Analyses

NCEP Tropopause Statistics
The NCEP/National Center for (NCAR) reanalysis project uses a Atmospheric Research state-of-the-art global numerical weather analysis/forecast system to perform data assimilation using historical observations, spanning the time period from 1957 to the present [Kalnay et al., 1996] . For brevity, the NCEP/NCAR reanalysis data are referred to as NCEP data throughout this paper. The model used in the NCEP reanalysis has 28 vertical levels extending from the surface to -40 km, with vertical resolution of -2 km near the tropical tropopause. The NCEP output includes global analyses of tropopause temperature and pressure, which are derived from temperature analyses on model sigma levels. The tropopause pressure level is defined by the standard lapse rate criterion; that is, it is identified by the lowest level (above 450 mbar) where the temperature lapse rate becomes less than 2 K/km; it is not allowed to be higher than 85 mbar. The tropopause pressure is estimated by deriving the lapse rate at each model sigma level and estimating (by interpolation in height) the pressure where the threshold value of 2 K/km is reached. Analyzed temperatures are then interpolated to this level. This algorithm produces tropopause estimates which vary smoothly in space and time. For the analysis of low-frequency variations here, we use monthly average tropopause statistics, sampled on a 5 ø x 10 ø latitudelongitude grid. The NCEP reanalysis results here extend through August 1999, but direct comparison to radiosondes covers only the period through 1997. One motivation for the reanalysis project is to prevent temporal discontinuities in output due to model changes, such as occur when operational models are changed and improved. However, substantial changes in the reanalysis product can occur due to significant changes in input data. One large change in the NCEP reanalysis is due to the availability of global satellite data beginning in late 1978; this has a significant impact on upper air temperature in the tropics and the data-sparse Southern Hemisphere (SH) [ We also analyze time series of tropopause temperature and pressure derived from radiosonde observations, using a new data set prepared by D. Research Data Set (CARDS)"core" network, as defined by Wallis [1998] . The main advantages of these tropopause data sets are that (1) use of the CARDS product maximizes the spatial temperature data. We have computed separate 0000 and 1200 UTC monthly statistics to avoid the potential difficulties associated with changing bias characteristics in daytime and nighttime soundings or changing observing schedules. In comparisons between radiosonde data and reanalyses, differences that substantially exceed the above mentioned errors are interpreted as biases in the reanalyses.
Here we employ the monthly mean values of the temperature and pressure of the thermal tropopause (for comparison with the reanalysis tropopause) from 26 stations with relatively complete records over 1979-1997 (or longer). These stations are listed in Table 1 , and their locations are shown in Figure 1 . Our analyses use monthly averages of available 0000 and 1200 UTC radiosonde data, as we do not find substantial differences using either subset. We screen the monthly means by requiring that there be at least five observations within a month and that the within-month standard deviation be less than 5 K and 25 mbar for tropopause temperature and pressure, respectively.
Regression Analyses
Space-time structure of interannual anomalies in tropopause and temporal coverage of the radiosonde network; (2) use of statistics are isolated using regression analyses of the form individual soundings, rather than monthly mean data, maximizes the vertical resolution for better identification of the tropopause; and (3) monthly statistics are not affected by the nonlinear relationships between observed temperature at fixed pressure levels and the temperature and pressure of the (vertically interpolated) tropopause. are very sensitive to the existence and treatment of these data inhomogeneities [Gaffen et al., 2000] , and because a thorough analysis of these effects is beyond the scope of this study, our discussion of long-term tropopause temperature changes in these data sets will be limited. [Coffey, 1996] and produced equal or larger warming in the lower stratosphere, its effects are less apparent in tropopause anomalies, particularly as observed by radiosondes. Part of this difference could be attributable to E1 Chich6n occurring just prior to the QBO westerly shear phase (warm temperatures), whereas Pinatubo erupted before an easterly (cool) phase (see Figure 12) ; thus the volcanic and QBO effects reinforce for E1 Chich6n and partially cancel for Pinatubo [Angell, 1997] .
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Recent observational studies suggest evidence of increasing water vapor in the stratosphere [ [Gill, 1980; Highwood and Hoskins, 1998 ]. Tropopause temperature anomalies are out of phase with tropospheric temperatures and in phase with the lower stratosphere. A surprising result is that realistic ENSO spatial anomalies are observed over data-sparse oceanic regions during the presatellite era , suggesting this feature is reasonably well depicted by the model when other data sources are available.
Finally, we find significant (negative) correlations between interannual variations of the tropical tropopause and lower stratospheric temperatures in both polar regions during winterspring. The out-of-phase behavior is consistent with variations of the mean stratospheric (Brewer-Dobson) circulation, wherein tropical upwelling is balanced with polar descent. These correlations suggest that stratospheric circulation is an important factor in tropical tropopause variability, as previously argued from observations of the seasonal cycle [e.g., Reid and Gage, 1996] .
